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A number of industries, including aerospace and automotive,
manufacture composite parts through processes based on resin
transfer moulding (RTM), which relies on woven and/or tightly
bound reinforcements being manually laid up into a forming mould.
This preform is then infusedwith resin and subsequently cured in the
RTM mould, thus forming the composite part. In order for parts to
meet the acceptance criteria they must be largely defect-free, partic-
ularly from defects such as in-plane waviness and out-of-plane wrin-
kling of plies, which are likely to reduce the mechanical properties of
the ﬁnal part [1–3]. To reduce failure rates of composite parts an
understanding of the mechanisms behind the formation of such de-
fects is essential. Drivers such as laminate design and process param-
eters behind such mechanisms must also be characterised.
Defects observed in composite parts should be categorised into
two groups; design induced defects and process induced defects
[4]. The former being defects formed due to complex tool geometry
or choice of fabric, such as out-of-plane curvature leading to wrin-
kles on external corners. Avoidance of such defects requires rede-
sign of the part, tooling or materials and is therefore expensive
for an industrial practice. Understanding of the core mechanisms
behind process induced defects is of interest, since small changes
in part manufacture, such as layup technique, can be achieved on
an existing manufacturing line.Currently known mechanisms behind defect formation in wo-
ven cloths pay particular attention to the ability of the cloth to
map to the surface of a tool with complex geometry. Early work
was carried out by Tam and Gutowski [5], in which the onset of
tow wrinkling was found to coincide with the angle between warp
and weft tows reaching a critical limit. Further experimental work
examined the relationship between the shear angle and the onset
of tow wrinkling [6], which established a number of fabric param-
eters behind this mechanism. Such parameters included friction,
tow size and spacing.
The angle at which wrinkling occurs, the locking angle, has been
experimentally derived by a number of researchers using a picture
frame test. This in-plane shear behaviour is well characterised and
has received much attention in both dry and prepregged cloths,
such as, but not limited to, References [7–10]. the use of blank
holders has been found to reduce the tendency of woven cloths
to form wrinkles during manufacturing [11]. More recently, efforts
have been made to model this process to examine the effect of con-
stituent properties, ﬁnding the bending stiffness of the tows plays
the main role in the shape of a wrinkle [12].
A mechanism for the formation of through-thickness ply wrin-
kles in unidirectional prepreg was proposed by Lightfoot et al. [13],
which was based on the frictional shear between plies during con-
solidation. During the process of layup, stiff plies tend to bridge
tooling radii, which then drag compliant plies into the radii as
the laminate consolidates when a slip layer is used between tool
and the prepreg layers. The result of this mechanism is ply wrin-
kling and severe in-plane ﬁbre waviness.
The aim of this paper is to examine the mechanism presented in
Ref. [13] in the context of dry woven cloths, which has not
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nisms behind two of the most common defects observed in woven
cloth preforms and to examine the effects of laminate design and
layup protocol on such defects in unidirectional (UD) and biaxial
satin cloths. The two defects in question are in-plane tow waviness
and deformation of 90 tows that lead to ply wrinkles.Fig. 2. ln-plane tow waviness forms in cloths with 0 tows running along radii due
to excess length and the constraint imposed by neighbouring plies. Compression
(shown by arrows) is the result of a consolidation of bridged plies into a tooling
radius. A single tow is shown, in which a compressive load leads to buckling,
depending on the presence of a z direction constraint. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)2. The mechanism
The core mechanism of bridged plies from Ref. [13] is expected
to apply, regardless of reinforcement type. Fig. 1 shows a free body
diagram of a two ply example, in which a compliant ply, such as a
90 ply, is laid onto the tool followed by a stiffer ply, such as a 0
ply. The stiffer ply will tend to bridge over the radius, leading to
differential shear forces along the length of each ply. Movement
of the stiff ply into the radius during consolidation causes a fric-
tional shear force where the two plies meet. If this frictional shear
force is greater than the frictional shear force between the tool and
the ﬁrst ply [14], movement of the ﬁrst ply relative to the tool sur-
face can occur. Consolidation of the plies into the corner results in
the ﬁrst ply being in a local state of compression at the radius,
which results in defects being formed.
The mechanisms leading to the formation of two defects, in-
plane tow waviness and tow crushing, are discussed in turn.
2.1. In-plane tow waviness
Tows oriented at 0, either in UD or biaxially woven cloths, can
form in-plane tow waviness. This is a result of the compression in
the tow due to consolidation, combined with the constraint im-
posed by the next ply; movement in the out-of-plane direction is
not permitted. Without this ply, through-thickness displacement
is more likely to occur. Fig. 2 shows the mechanism of in-plane
waviness formation. Compression of a tow will cause buckling in
the z-direction due to the width of the tow being greater than its
thickness. However, if displacement in this direction is constrained
by the plies above it consolidating, the tow cannot buckle into the
z-direction. Instead displacement in-plane occurs, which results in
in-plane tow waviness.
2.2. Ply wrinkles
UD plies comprised of primarily 90 tows will also be subject to
compressive loads. Fig. 3 shows the mechanism for tow deforma-
tion, in which the compressive load leads to rotation of the 90Fig. 1. Free body diagram showing the result of a bridged ply over a well-formed
ply in one half of a U-shaped tool [13]. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)tows around their centroidal axes to account for the excess length
of the ply in the radius. An intermediate state is shown in Fig. 3, in
which the excess length has been accounted for, however consoli-
dation has not occurred. Consolidation of the ply stack against the
tool surface causes deformation of the rotated 90 tows. Unaffected
tows will remain elliptical whilst the deformed tows will not. This
process results in the in-plane waviness of the 0 binder tows, and
reduces the overall width of the rotated 90 tows. Plies that contain
deformed 90 tows will be henceforth referred to as ‘‘ply wrinkles,’’
please note that the orientation of these tows has not been af-
fected; all remain at 90.
2.3. Misalignment of biaxial woven cloth
The deformation of biaxial cloth depends on the orientation at
which the ply has been cut. Plies with warp and weft tows at
±45 deform through shearing. In compression the shearing pro-
cess increases the angle between warp and weft tows through
increasing the overall width of the ply if the cloth is unconstrained.
Plies containing tows at 0/90 will abide by the mechanism dis-
cussed in Section 2.1, forming in-plane waviness in the 0 tows.
This will in turn cause lateral movement of the 90 tows.
3. Materials and method
In order to corroborate the mechanisms suggested, preforms
were manufactured using woven material laid up into a U-shaped
aluminium tool. Geometry of the tool is shown in Fig. 4. The dis-
tance between the radii of this tool may increase the tendency
for defects to arise under compaction pressure. The use of a tool
with a longer ‘‘web’’ may have reduced this effect.
The materials used included a low crimp ‘‘uniweave’’ and a satin
cloth, which has a woven tracer ﬁbre. The uniweave is a highly
unbalanced cloth, comprising of unidirectional carbon ﬁbre tows,
providing the stiffness and strength to the preform, and glass ﬁbre
binder weft yarns. The warp carbon tows comprise roughly 98% of
the preform. This cloth type will be referred to as ‘‘UD’’ henceforth.
Deformation of the satin cloth prior to layup was minimised by
cutting on a vacuum-assisted computer-controlled ply cutter. The
prismatic nature of the tool resulted in no shear of the cloth during
placement.
Fig. 3. Tow wrinkling of 90 tows and in-plane waviness of 0 binder yarns is a result of compressive forces and subsequent tow rotation. Consolidation causes further
deformation of the tows. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Geometry of U-shaped aluminium spar tool used in this paper. 0 Fibre
direction has been deﬁned.
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second and subsequence plies were positioned well to the ﬁrst. The
ply edges were used as references for the positioning process. A
vacuum bag was then constructed over the cloth stacks. The vac-
uum bag did not include pleats. Release ﬁlm was not used between
tool surface and the ﬁrst ply of the stack, although Frekote release
agent had been applied to the aluminium tool surface.
The UD cloth was surface treated with a thermoplastic powder
binder, which was cured at an elevated temperature in a vacuum
bag, resulting in a stiff, portable preform. Resulting ‘‘pre-lami-
nates’’ were then mounted on a stand and photographed, with fo-
cus on the radii, where in most cases defects were formed. The UD
cloth was cut at 0 and 90 orientations, whilst the satin cloth was
cut into 0/90 and ±45 plies.
The method of defect quantiﬁcation used depended on the type
and direction of the ply being examined. Due to each orientation
having its own deformation mechanism, the morphology of the de-
fects required their own metric.
Tows oriented at 0 typically formed waviness with the mor-
phology of a half sinusoidal wave, and were assigned a waviness
angle according to a function of the path length of the sine wave.
Fig. 5 shows the rationale behind the metric, in which a half sinu-
soidal tow is simpliﬁed into a triangle. The angle of the tow is cal-
culated according to Eq. (1), in which the ‘‘average angle’’ of the
tow, h, is a trigonometric function of the path length of the tow,
x, and the baseline length of the tow, b. Dimension b corresponded
to the length between the aligned sections of each tow, highlighted
in Fig. 5b. Whilst this is a simpliﬁcation, it was found to be the
most robust technique for calculating an angle for the tows due
to some variation amongst the shapes observed. This method pro-
vided a convenient way of generalising the calculation, resulting in
each data point being calculated in the same manner regardless of
small differences in tow morphology.h ¼ cos1 b
x
ð1Þ
The 0 tows in the satin cloths were quantiﬁed using Eq. (1).
One photograph of each radius was taken, which was then cropped
to an area 4000  800 pixels in size, which covered the area of the
radius subject to defects. ImageJ was then used to measure the
path lengths of each tow, which were passed through Eq. (1) to cal-
culate the waviness angle.
In the case of 90 UD plies, both the misalignment angle of the
0 binder yarns and the relative width of the tows were taken as a
metric (an undeformed tow has a relative width of 1). This was
done because both of these were good indications of the severity
of the wrinkle, which conventional 2D photography cannot show.
The 0 binder yarns were measured using one of two techniques
depending on the nature of the misalignment. Sinusoidally misa-
ligned yarns were quantiﬁed using Eq. (1). In the case of yarns that
were straight, but misaligned a simple ‘‘drag and measure’’ tech-
nique was carried out in ImageJ.
In the case of 90 UD cloth, the ﬁve tows covering each radius
were interrogated for relative tow width and binder yarn misalign-
ment. Whilst misaligned binder yarns are unlikely to affect mate-
rial properties, they serve as a good indictor of tow compression
due to excess length, and therefore a visual cue for a defect. Binder
yarn misalignment and tow width were recorded at 15 sites along
the 80 mm wide ply. Also recorded were the number of ‘‘crushed’’
tows, which is indicative of the severity of the ply wrinkle.
Two layup techniques were employed. Firstly, plies were laid
into the tool and allowed to debulk naturally in a vacuum bag.
No effort was used to adhere the plies to one another before the
vacuum bag was constructed. This technique, referred to hence-
forth as ‘‘natural’’ layup resulted in the most severe bridging and
was used as a worst case scenario.
Secondly, an industrial practice technique was adopted. This in-
volved laying the ﬁrst ply into the mould and ﬁxing in place with a
single spring-loaded clamp at the top of a ﬂange. The second ply
was then adhered to the ﬁrst at the clamp position through use
of a heat gun set at 400 C, which melted the thermoplastic binder
on the ply surface. The heat gun was used to adhere the ply along
its length, which was done in conjunction with manual action of
physically pushing the ply into the tooling radii. This was followed
by a vacuum debulk for three hours at 125 C. This technique, re-
ferred to as ‘‘forced’’ layup resulted in less bridging when com-
pared to the natural method.
To cover aspects of laminate design, a number of ply orientation
combinations were trialled. Initially, two ply pre-laminates were
examined. Four ply pre-laminates were also investigated to
Fig. 5. Metric applied to 0 tows was a function of the path length of the tow,x, and the baseline length, b. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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pare datasets from different stacking sequences and layup tech-
niques one-way analysis of variance (ANOVA) was performed,
followed by passing the output from ANOVA through themultcom-
pare algorithm in Matlab. This process shows whether the means
from two or more populations are statistically different, at a 95%
conﬁdence level. Since ANOVA assumes equal variances an F-test
was carried out ﬁrst to examine the variances of the data.
X-ray computer tomography (CT) scanning was carried out at
the National Composites Centre (NCC), Bristol, UK. A total of
1000 scans were carried out around the 360 rotation of the sam-
ple. A tungsten target was used to generate X-rays. An amorphous
silicon detector was used, with dimensions 2000  2000 16 bit pix-
els. The scanning voltage used at the NCC was 100 kV (120 lA). A
250 ms exposure time was used. CT data was then reconstructed
with Nikon CT Pro and visualised using VGMax Studio 2.1.4. Defects observed in woven pre-laminates
4.1. Natural layup
Due to the severity of the radii in the tool relative to the size of
the tows, defects were consistently manufactured using two and
four ply pre-laminates. Fig. 6 shows the in-plane tow waviness ob-
served in UD 0 and 0/90 satin plies (0 bias direction) at the tool
surface. Tow misalignment was evident in satin cloths in which
the 90 tows were the bias direction, as shown in Fig. 7a. The tracer
ﬁbre has been highlighted in this image, as well as the surrounding
tows in red, green, blue and magenta. The highlighted tows show
the sinusoidal waviness of the 0 tows in the sheared cloth. Ply
wrinkling was observed in 90 UD plies, which has been shown
in Fig. 7b. The presence of a wrinkle in 90 tows is indicated byFig. 6. In-plane tow waviness observed at a 16 mm radius in plies at the tool-part interfa
referred to the web version of this article.)the wrinkled tows having a smaller width than the unwrinkled
tows, which is evident in Fig. 7b.
4.1.1. In-plane waviness
In-plane waviness was quantiﬁed for pre-laminates in which a
0 UD or 0/90 satin ply was laid into the mould ﬁrst. Data between
replicates for absolute mean misalignment in pre-laminates in
which a 0 UD or a biaxial cloth with a 0 bias is at the tool surface
for both radii was consistent. To show this consistency, Fig. 8
shows ANOVA data for both replicates of [0,0/90] pre-laminates
debulked naturally, and represents typical replicate variability
data. Passing this data through the multicompare algorithm in
Matlab showed that for each tooling radius both data sets have
means that are not signiﬁcantly different.
Fig. 8 shows that each dataset is somewhat variable if one con-
siders the total range of waviness angles. The source of the vari-
ability between each dataset is likely to be small, unconscious
differences during hand layup. A previous study using prepreg
showed that defect morphology can vary, despite the same stack-
ing sequence and layup protocol being used [13].
Due to this consistency, matched replicate data was concate-
nated to calculate a single mean and standard error for each pre-
laminate at each tool radius. Firstly, an F-test was carried out to
check the variance of each matched replicate set was statistically
the same, which was accepted at a 95% conﬁdence level. ANOVA
was then carried out to examine whether the means were statisti-
cally the same, which was also accepted. The process of concatena-
tion was carried out to allow a more direction comparison of
pre-laminate waviness angles.
Standard error provides an estimate of how variable the means
will be if the experiment is repeated multiple times [15]. It pro-
vides the area over which the ‘‘true mean’’ of the data is likely to
lie. This statistical method provides a good indication of the truece. (For interpretation of the references to colour in this ﬁgure legend, the reader is
Fig. 7. Tow misalignment and ply wrinkling observed at a 16 mm radius in plies at the tool-part interface. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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ANOVA Results: [0,0/90] replicates
Fig. 8. ANOVA results for two replicates of [0,0/90] in boxplot form demonstrating
consistency of data over replicates. X-axis labels refer to radius (mm) and replicate.
Standard boxplot notation has been used (red line-median, blue horizontal lines-
25th and 75th percentiles and whiskers-range). (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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samples. This standard statistical calculation is simply deﬁned as
the standard deviation divided by the square root of the number
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Fig. 9. Concatenated waviness data for pre-laminates in which 0 tows are at the tool
natural and forced techniques are shown. Means and standard error bars are shown. Tw
n = 100 for biaxial cloth. [0,90] not shown due to aligned tows. (For interpretation of the
this article.)Fig. 9 summarises the data collected for pre-laminates in which
a 0 UD or a biaxial cloth with a 0 bias is at the tool surface for
both radii. The in-plane waviness is in most cases severe, with
up to 24 calculated; in all cases the waviness observed at the
16 mm radius is more severe than at the 30 mm radius. The stan-
dard error bars show a good conﬁdence in the calculated mean val-
ues. The [0,90] pre-laminate was defect free; all tows were at their
intended alignments. Splitting up 0 plies with 90 plies, as shown
in [0, (90)2,0], does not lead to a signiﬁcant reduction in-plane
waviness of the 0 tows; the mean waviness angle remains high
at 20.4.1.2. Ply wrinkles
A CT image of a ply wrinkle in a 90 ply is shown in Fig. 10, in
which Fig. 10a shows two tows that have formed a ply wrinkle.
Fig. 10b shows a 2D slice of 10a, highlighting the deformation of
the 90 tows.
Results for pre-laminates with 90 plies at the tool surface are
summarised in Fig. 11. Examining the number of crushed 90 tows
shows that two ply pre-laminates laid up using the natural tech-
nique are more susceptible to ply wrinkling at the 16 mm radius.
The inclusion of two 0 plies in the [90, (0)2,90] pre-laminate, does
not result in the defects becoming more severe; tows remain de-
formed at the 16 mm radius.
Also shown on Fig. 11 is data for the misalignment of the binder
yarns and the relative width of the 90 tows. In all cases in Fig. 11,[0/90,0]:Forced [0,0/90]:Nat [0,(90)2,0]:Nat
nates: mean and standard error bars
 
R16
R30
Tool Radius
surface; it is this ply that has been quantiﬁed in terms of in-plane waviness. Both
o replicates have been concatenated for each bar, representing n = 60 for UD 0 and
references to colour in this ﬁgure legend, the reader is referred to the web version of
Fig. 10. A CT scan for a 90 ply wrinkle. False colour imaging has been used to
highlight 0 binder yarns in yellow. Blue arrow shows the location of the wrinkle in
all panels. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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regardless of the presence of a wrinkle. Examination of the 16 mm
radius data shows that the presence of a ply wrinkle will increase
the mean of the binder yarn misalignment.
Fig. 12 shows typical variability data for [90,0] and [90, (0)2,90]
pre-laminate datasets. The data for [90,0] shows a clear effect of
tooling geometry on the relative width of the tow and binder yarn
misalignment; the 16 mm radius is more severe. There also ap-
pears to be a loose inverse correlation between the relative width
of the tow and the misalignment angle of the binder yarn.4.1.3. Off-axis satin plies
In a similar process to 0 and 90 plies, the satin cloth was cut at
±45 orientations, followed by plies being laid up; ±45 plies were
laid into the tool ﬁrst, followed by UD plies. Regardless of the lay-
up, defects were not observed for these pre-laminates; tows at the
tool surface were neither misaligned nor deformed into ply wrin-
kles, unlike 0 and 90 UD cloth, respectively. Fig. 13 shows a typ-
ical ±45 surface ply at a 16 mm radius. Comparing this with Figs. 6
and 7 shows the signiﬁcant differences in defect morphology be-
tween ±45 and other ply orientations. ImageJ was used to quantifythe angle between warp and weft yarns, which were in all cases
within ±4 of 90.
From Section 4.1 the following trends can be recognised:
1. Plies with ±45 tows are not subject to either waviness or wrin-
kles (Fig. 13).
2. In two ply pre-laminates, 0 plies are likely to show signiﬁcant
tow waviness if the second ply deposited is stiff, such as
another 0 ply or a 0/90 satin ply (Fig. 9).
3. 90 plies are likely to show ply wrinkling when combined with
stiffer plies, as shown in Figs. 10 and 11 (layups [90,0] and
[90,0/90]).
4. In two ply pre-laminates, tow waviness in 0 tows can be
avoided by matching the ply with a compliant ply, such as a
UD 90 ply (Fig. 9: layup [0,90]).
5. 90 plies cannot be used to ‘‘dilute’’ the effects of combining 0
plies. [0, (90)2,0] in Fig. 9 shows a similar magnitude of in-plane
waviness as [0,0], despite the 90 plies.
6. Satin cloths at a 0/90 orientation are subject to defects accord-
ing to the same mechanism as the 0 UD cloths, the morphology
of which depends on the bias direction of the cloth. Figs. 9 and
6b show in-plane waviness in the satin cloths to be severe and
at a similar magnitude to 0 UD tows.
4.2. Manual drape and ply adherence
Fig. 14 shows an ANOVA boxplot output, focusing on the 16 mm
tooling radius for two stacking sequences, [0,0] and [0/90,0],
examining data for concatenated datasets from the forced and
the matched data from the natural debulking method. Taking the
data from the ANOVA test and running it through the multcompare
algorithm in Matlab evaluates whether the means are signiﬁcantly
different from one dataset to another. This process showed that the
forced layup technique reduced the severity of the waviness for the
UD cloth. Despite the reduction, the magnitude of the in-plane
waviness remains high. This process did not, however, statistically
reduce the severity of waviness in the biaxial cloth.
[90,0] pre-laminates were also manufactured using the forced
layup technique. A summary of the defects observed is given in
Fig. 11, which shows that the industrial technique used has not re-
sulted in ply wrinkles, whereas using the natural technique re-
sulted in ply wrinkles consistently at the 16 mm tooling radius.
From layup trials using industrial techniques, the following
trends have emerged:
1. The industrial technique hs not removed defects from pre-
laminates, although the severity of the defects has been
decreased in some cases.
2. 90 UD cloth does not suffer from severe ply wrinkles, shown in
Fig. 11. Industrial practice has reduced the misalignment of bin-
der yarns.
3. 0 UD cloth remains susceptible to in-plane tow waviness,
although the severity has decreased, visible in Fig. 14.
4. 0/90 biaxial satin cloth is insensitive to layup procedure. The
severity of in-plane waviness was unchanged by the forced
layup technique (Fig. 14).
5. Discussion
The mechanism for the formation of ply wrinkles proposed by
Lightfoot et al. focuses on prepreg-based laminates [13]. This study
examines this mechanism using dry woven cloths, ﬁnding the
mechanism to be in effect in this class of composite material. The
morphology of the defects is signiﬁcantly different, however. The
mechanism relies on plies that tend to bridge over tooling radii
during the layup process. During consolidation, these plies are
Fig. 11. Data for pre-laminates in which a 90 ply is at the tool surface. The tool-side ply was interrogated for both binder yarn misalignment and relative tow width of 90
tows. Shown in white is the number of 90 tows involved in a ply wrinkle at the defect site. n = 75 for each replicate. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
J.S. Lightfoot et al. / Composites: Part A 51 (2013) 99–107 105forced into the radii of the tool. Due to the frictional shear force be-
tween the plies of cloth being greater than between the tool and
ﬁrst ply [14], the ﬁrst ply is subject to compressive stresses in
the region of the radius, according to Fig. 1.
The deformation mechanism of the tows depends on the type of
reinforcement used as well as the orientation of the tows. The 0
UD and 0/90 woven tows will deform in-plane, forming waviness.
90 UD tows will rotate, deform and can form through-thickness
ply wrinkles. The mechanism and deformation types have been
supported through layup trials in a U-shaped tool. Implications
of laminate design and process parameters have been explored
through simple layup trials and quantiﬁcation. The mechanism
for the formation of in-plane tow waviness in Fig. 2 has been sup-
ported using photographic evidence in Fig. 6. The proposed mech-
anism for ply wrinkles and tow deformation in Fig. 3 has been
supported using CT imaging in Fig. 10.
This research has also highlighted the possibility of using binder
yarn misalignment as a visual indicator for tooling features that
could lead to ply wrinkles in 90 plies. Misalignment of the binder
yarns was observed in all cases of 90 plies at the tool surface, how-ever the presence of severely misaligned yarns coincided with de-
formed tows in most cases. Simple visual inspection techniques
can be powerful methods to quickly inspect parts for defects on
an industrial manufacturing line.
Reference [13] showed a signiﬁcant dependence of the mecha-
nism on the presence of a slip layer between tool and prepreg; the
presence of release ﬁlm would consistently lead to wrinkles, whilst
omission of this ﬁlm would not lead to wrinkled laminates. This
was due to the increased frictional shear between tool and prepreg
than between prepreg and release ﬁlm. Both techniques were em-
ployed in this body of research; defects were consistently pro-
duced in pre-laminates with and without a slip layer, showing a
signiﬁcant difference between prepreg and woven cloths in this re-
gard. The key difference is likely to be the lack of ‘‘tack’’ when han-
dling cloths when compared to uncured prepreg, which leads to a
low friction coefﬁcient with aluminium tooling.
The defects presented in this paper are likely to reduce the local
compressive strength of the composite part. Experimental [16] and
modelling based [1] efforts to calculate mechanical property
reductions due to waviness have shown signiﬁcant reductions in
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Fig. 12. Typical variability data for stacking sequences including 90 plies at the tool surface. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 13. Left: typical morphology of tows of ±45 satin cloth at a 16 mm radius.
Right: zoomed in image of weft yarn. Edges have been highlighted. Angles have
been quantiﬁed using ImageJ. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 14. Comparison of datasets for biaxial satin (BX) and UD cloths for in-plane
waviness in the 16 mm radius. N: natural layup. F: forced layup. Standard boxplot
notation has been used (red line-median, blue horizontal lines-25th and 75th
percentiles and whiskers-range). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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of experimental work in the literature focus on prepreg-based lam-
inates in the context of ﬁbre waviness and strength reductions; fu-
ture work will be required to assess the implications of waviness
on RTM-based components, furthering work such as Ref. [17].5.1. Laminate design
Combining stiff plies at the tool surface with compliant plies,
such as 90 UD, results in pre-laminates debulking without defects,
shown by [0,90] in Fig. 9. This is because the compliant ply will not
bridge the radius, regardless of how much the stiffer ply at the tool
surface has bridged. This will form an intermediate structure in
which a frictional shear stress will exist along the entire length
of the two plies. Consolidation into the radius does not lead to de-
fects in this case.
Combining 0 plies with other stiff plies, either 0 UD or 0/90 sa-
tin cloth, consistently forms in-plane tow waviness, highlighted by
[0,0] and [0,0/90] in Fig. 9. Layups such as [90,0] in Fig. 11 show
that the combination of 90 UD plies with stiffer 0 plies or 0/90 sa-
tin cloth forms wrinkles. A frictional shear stress will exist between
the two plies where they are in contact. The length of each ply
around the radius will not experience a ply–ply friction. Consolida-
tion into the corner will place the ply at the tool surface into com-
pression in the region of the radius. The excess length of the ply
will be alleviated through in-plane deformation in the case of 0
tows, and tow rotation, deformation and wrinkles in the case of
90 UD tows.
Separation of 0 plies with 90 plies was trialled as a method to
reduce waviness on the basis that [0,90] pre-laminates did not
form in-plane waviness. The data for [0,902,0] shown in Fig. 9
shows that the 90 plies could not ‘‘dilute’’ the shear interac-
tion between the two 0 plies, and high levels of in-plane waviness
were still observed. [90,02,90] was trialled to examine whether
multiple 0 plies would exacerbate defects when compared with
[90,0] pre-laminates. Fig. 11 shows that this has not occurred.
The only case that did not result in defects, regardless of neigh-
bouring ply orientation, was having a ±45 ply at the tool surface,
which remained defect free despite being paired with a number of
ply orientations and cloth types. It is likely that this observation
is valid for prismatic moulds, in which shear deformation of
±45 plies is not required to map the ply to the tool surface.
Non-prismatic moulds, such as industrial propeller blade formers,
may result in defects in this cloth orientation. This result is also
likely to be inﬂuenced by the width of the cloth; increasing the
width of a UD prepreg ply cut at 45, for example, increases the for-
mation of wrinkles [18]. Further work should investigate the rela-
tionship between width of the cloth and the severity of defects
observed.
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good indicator of the degree of compression subject to the ply. This
compression is due to shear between plies generated during con-
solidation into the tooling radii. Angle quantiﬁcation shown in
Fig. 13 has shown that shear between warp and weft tows has oc-
curred. Since these angles were typically 86–94 the shearing an-
gles are not severe enough to reach locking angle of the cloth.
Wrinkles observed in cited picture frame tests of similar materials
[7–9] were not therefore observed.
This information has important ramiﬁcations when stacking se-
quences are designed for complex tooling geometries, particularly
those with out-of-plane curvature and tight radii. Whilst the lam-
inate will have to meet strength and stiffness requirements,
designing the stacking sequence with the knowledge of compli-
mentary ply combinations can reduce the tendency for defects to
arise. Further work will be required to establish a set of layup
guidelines using industrial former and preform geometry. Consol-
idation models simulating the onset of wrinkling and in-plane
waviness would also be necessary. Such models could predict the
onset of defect formation for a given tool surface geometry.
5.2. Process parameters: layup procedure
The procedure by which a preform is manufactured has a clear
inﬂuence on the severity of defects formed. This investigation used
an industrial technique of manually forming the plies, individually,
into the radii of the tool whilst heating the plies with a heat gun.
This process resulted in less bridging of plies over the radii ﬁrstly
due to the plies being adhered to one another via a thermoplastic
powder binder and secondly due to the manual process.
Ply wrinkles were not observed in [90,0] pre-laminates
(Fig. 11). The mean misalignment of 0 binder yarns was also re-
duced, suggesting the amount of excess length being accommo-
dated has reduced, which supports the mechanism suggested in
this research. Fig. 14 has shown that the in-plane waviness in 0
UD plies is also reduced through this method. From the results pre-
sented it is evident that this process helps to control the formation
of defects, but cannot eradicate them completely, which may be a
consequence of the tooling geometry being relatively severe.
The type of reinforcement dictates the severity of defects. The
defects in biaxial cloth were unaffected. The satin cloth is therefore
more susceptible to defects than the UD cloth. Further work is re-
quired to discover the source of this difference and to examine a
wider range of woven cloth types and weave structures. The study
should also be expanded to examine alternative fabrics, such as
loosely knitted cloths, since different types of fabric may give dif-
ferent results.
This exercise has shown that layup procedure is an important
factor to consider during preform manufacture prior to resin infu-
sion. Decreasing the bridging over tool radii through deliberate and
careful manual forming and preform adherence are powerful tech-
niques that are able to reduce defect rates in preforms.
6. Conclusions
From the work presented in this paper a number of conclusions
can be drawn. Both laminate design and simple layup technique
changes can have implications on the formation of defects in
RTM preforms, such as in-plane waviness and ply wrinkles. The
combination of plies, such as 0 UD plies with other 0 UD plies,
consistently leads to defects due to the plies bridging the radii ofthe tool. This is due to the tool-side ply being placed in a state of
compression during consolidation of the plies into tooling radii.
Combining 0 plies with compliant 90 plies does not result in
defects. Laying up ±45 plies at the tool surface also results in de-
fect-free pre-laminates. The layup procedure also has a signiﬁcant
effect on the nature and severity of defects formed. Reducing the
severity of ply bridging at tool radii through manual forming ac-
tions and ply–ply adherence is a simple technique that has re-
moved through-thickness wrinkles in 90 UD cloth, as well as
reducing the severity of in-plane waviness in 0 UD cloth. Whilst
this process reduces the severity of defects, it cannot eradicate
them completely.Acknowledgments
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